Future robot skin will consist of massive numbers of sensors embedded in flexible and compliant elastomer substrate. To test and characterize pressure-sensitive skin prototypes, we have built an experimental testbed capable of applying controlled loading profiles, using the data to create reduced-order models of skin sensors for simulation and control. Measurement data from a load applicator and embedded taxel is acquired using National Instruments real-time control technology. Reduced-order models were proposed to relate the load applied to robot skin to the load sensed by the embedded taxel. Experiments for soft skin material characterization and taxel characterization were also undertaken with the testbed to better understand their nonlinear behavior. With this setup current and future skin sensor designs undergoing a range of loading profiles can be tested and modeled.
INTRODUCTION
Generally speaking, robots are able to reliably perform repeated, specific tasks when their movements are predefined and reside in structured environments, for instance in manufacturing. Servo technology and control enables manufacturing robots to far exceed any human when comparing the two in precision, accuracy and repeatability of movements, yet place the most advanced robot in a random kitchen and it would be much more difficult for it to fetch a glass of water 1 . One of the reasons for this is an increasing need for robots to perceive their surroundings to the extent that humans can.
Robot skin with embedded multi-modal sensors, such as temperature, pressure, and proximity is one direction that has been pursued for several decades. For our purposes we will classify such robot skin as a "heteroceptive sensor inspired by nature that could eventually enable social robots to share their workspace with humans 2 ". This defines robot skin as transmitting information through multiple modalities, with human-like qualities (aesthetically and in transmission, control, etc.) and enabling a situation where humans can safely go about their business in proximity to the robot without the need for structured barriers (real or imaginary).
Electronic sensors are the primary method for robots to gather information about their surroundings. There are many types of sensors that have been exploited in robotics already, including vision, pressure, vibration, temperature, proximity, touch and infrared, and have been routinely used to reduce uncertainty for robots in an unknown environment 1 . Pressure, vibration, temperature and touch fall in the category of tactile sensing, or sensing through physical interaction, which allows the robot to discern the physical nature of the objects or humans in near proximity. In a sense, tactile perception allows humans to differentiate between what is "me" and what is "not me 3 ".
Tactile sensing and tactile transduction methods have been studied extensively as discussed in section 1.1 of this paper. However, there is limited prior research on design tools for tactile skin that considers questions of optimal sensor placement, density, resolution, bandwidth, even modality 3 . Realistic robot skin system models can be very helpful in reducing trial and error, and avoiding costly and time consuming design iterations for robot skin. Toward this aim, a skin simulation environment -SkinSim -is currently under development at the University of Texas at Arlington (UTA) in the Next Generation Systems Group (NGS). SkinSim is a simulator framework for multi-modal robot skin as physical interfaces between robots and humans 4 . SkinSim will be used for testing and optimizing multiple parameters of robot skin using real time feedback and can test methods for optimal placement, data management and types of sensors. In SkinSim realistic reduced-order models of robot skin must be implemented to relate external forces applied to the skin to force measurements gathered on taxels embedded in the skin. Reduced-order models of robot skin will also be used in simulated force control experiments. This includes but is not limited to models of individual sensors, sensor arrays, sensors embedded in robot skin material and the robot skin material itself.
Research in Robot Skin
The Uncanny Valley has been studied at length and has proven to be an important factor in the acceptance of social robots 5 . While it may be unnecessary for robot skin to exactly mimic human skin, it could be important for robot skin to be "skin-like" at the least. To better develop human-like robot skin, it is first important to understand human skin. Human skin is "multilayered.., nonhomogeneous, and viscoelastic 3 " and consists of multiple sensing modalities including temperature, pressure, vibration and pain. Sensor density is not uniform over the entire body. For example, mechanoreceptors in human skin range in density from 241 per square centimeter in the fingertips to 58 per square centimeter in the palms 6 . It is obvious mechanoreceptor density in human skin relates to the amount of contact to the environment that body part is subjected to. Sensorized robot skin should be designed in a similar fashion.
In 2001, Lumelsky proposed flexible, large-area, "sensitive skin" for robots composed of multi-modal sensors to allow robots to interact with humans in an unstructured environment 7 . He demonstrated a robot arm "dancing" with a human by covering the surface of the robot arm with infrared sensing taxels. Lumelsky emphasized the importance of covering the entire surface of a robot in "sensitive" skin 7 . Force and tactile sensors have been studied and R. Howe reviewed tactile sensing and its use for robotic dextrous manipulation using real-time control 8, 9 . HEX-O-SKIN, a project from Germany, is a self-organizing, multi-modal sensing module that has been deployed on a KUKA arm and HRP-2 robot 10, 11 . The hexagon modules have four sensing modalities: proximity, acceleration, temperature and normal force. The Italian project ROBOSKIN is a whole-body tactile robot skin that has been deployed on iCub, KASPER and NAO robots 12 . The trinagular modules have ten individual capacitive taxels and two additional taxels used for thermal drift compensation 13 . DLR artificial skin, developed in Germany, is a stretchable robot skin designed for high sensitivity and the ability to withstand large impacts 14 . DLR skin utilizes orthogonally layered electrically conductive polymer based circuit tracks. Using a soft, compliant covering over taxels can increase their effectiveness in sensing applications. Hyperacuity in robot sensing using overlapping sensing fields has been studied 15 . The experiments on an iCub palm using ROBOSKIN demonstrate a 10:1 ratio between position acuity and taxel resolution, eg., position acuity for a fingertip was 0.3mm while taxel spacing was 4mm. Another example of this is with an optical three-axis sensor 16 . The sensor surface is covered in rubber skin which serves both to protect the sensitive LED and elimate insensible areas between individual LED.
The advancement of micro-and nanoscale manufacturing of flexible electronics can also help improve robot skin. 2.5µm silicone wires, microstructures and piezoelectric flexible tactile sensors have been printed on ultrathin polyimide for use in flexible electronics 17, 18 .
Work Conducted
In this paper we present the experimental testbed used to perform experiments on soft skin and tactile sensors. We also present the methods used to analyze the measurements gathered from these experiments that help characterize different setups of robot tactile skin. Reduced-order models were created for three different thicknesses of robot skin using piezoresistive pressure sensors.
The experimental testbed consisted of a linear actuator mounted vertically above an x-y stage. The linear actuator was controlled by a National Instruments (NI) compactRIO (cRIO). The linear actuator controlled the movement of a cylindrical aluminum load applicator that depressed into and against various types of robot skin and tactile sensors. Force data from the applied load on the load applicator was recorded with an in-line load cell mounted to the linear actuator.
LabVIEW (LV) programs were created that controlled the motion of the load applicator and recorded synchronous measurements from the load cell, tactile sensors and linear actuator encoder. The programs were run on the cRIO using Scan Interface mode running at 100Hz. Programs were written for the following motion profiles: single or repeated step input; stair-step loading; random ramp input loading; sinusoidal loading. Additionally, a program was written for incremental force control.
The behavior of two different types of fabricated soft skin were tested, silicone rubber and Frubber®. Frubber®, a patent of Hanson Robotics Inc., is an artificial skin material used to enhance the realism of social robots 19 . Nonlinear behavior of the two materials was examined from position to force response. Taxels were placed on the top and bottom of a silicone rubber sample to study the behavior of taxel placement in robot skin. Reduced-order models of robot skin were created relating the applied force on the surface of soft skin to the sensed force of an embedded taxel. Two validation cases of the models were tested using pseudo-random motion input, and linear reduced-order models show to be a reasonable approximation of the force transduction behavior observed.
EXPERIMENTAL TESTBED
Our experimental testbed is designed to control the position of a load applicator as it depresses into samples of soft robot skin with an embedded taxel. The testbed collects measurements on the force applied by the applicator, the force "sensed" by the embedded taxel, and the position of the load applicator as it moves into and away from the top surface of the skin. The completed testbed is seen in figure 1 .
The controller of our experimental testbed is a National Instruments (NI) compactRIO (cRIO) with accompanying programming package LabVIEW (LV). The cRIO gathered real-time measurements from multiple sensors and controlled a linear actuator. The system architecture can be seen in figure 2. Two types of sensors were used for our experiments: Tekscan FlexiForce force sensors and a Transducer Techniques Inc. (TTI) load cell. The FlexiForce sensor represented an embedded taxel in robot skin and measured what load the robot would "perceive". The force applied to the sensing element is measured by the load cell. Attached to the bottom of the load cell was a machined aluminum load applicator. The diameter of the load applicator was the same as the sensing area of the taxel. The model number of the controller was NI cRIO-9074. The cRIO is a reconfigurable, deterministic data acquisition device that can be programmed with NI LV graphical programming. It has a 400 MHz real-time processor and an 8-slot FPGA chassis housing hot-swappable modules 20 . Two NI C Series modules were used in our testbed: the NI 9201 Analog Input Module and the NI 9516 Servo Drive Interface Module. The NI 9201 is an 8-channel, 12-bit analog to digital converter; the NI 9516 has dual encoder feedback with a 50µs control loop rate, spline interpolation, position and torque control. The NI 9516 works in conjunction with a Maxon LSC 30/2 servo amplifier to send control signals to the linear actuator.
The motion control software used for our experiments was NI SoftMotion running on the cRIO. SoftMotion is a highlevel application programming interface (API) that implements supervisory control and trajectory generation 21 .
LV programs, or Virtual Instruments (VI), were created to provide user input for motion generation of the motion control system and for measurement collection. Several VI were created to perform the following movements: single step input; stair-step input; user set ramp profiles for random input; sinusoidal motion. In addition, a VI was created to implement incremental force control. For each exepriment the VI allowed user control of the motion of the actuator and gathered and stored force measurements from the load cell and taxel and encoder readings from the actuator. All processes in the VI run inside a timed-loop, synchronized to the scan engine of the cRIO. The scan engine is used during LV projects utilizing Scan Mode. During an experiment multiple timed loops can be run simultaneously. Loops acquiring and storing measurements from one of the devices and loops for motion commands were set to the same loop time as the scan engine, 100Hz. Loops updating the user interface iterated every two periods of the scan engine, or at 50Hz. The acquisition and recording of device measurements was the most important task for each VI. This was conveyed to the cRIO by setting priority levels for timed-loops. The measurement acquisition timed-loop had the highest priority level, followed by the motion command loops, then the user interface loop.
The embedded taxels were Tekscan FlexiForce A201 force sensors conditioned with a Phidgets Inc. 1120 FlexiForce Adapter. The load cell was a Transducer Techniques Inc. (TTI) MLP series load cell conditioned with a TTI TMO-1 amplifier module.
Each taxel was first calibrated without skin by the load cell to relate the taxel output voltage to a known load. The load cell was factory calibrated. The taxel response was slightly non-linear with minimal hysteresis (figure 3). Table 1 shows the calibration results of four separate taxels. Taxel 1 and taxel 3 calibration tests were performed all in the same day while taxel 2 and taxel 4 tests spanned multiple days. The calibration results show high sensor-to-sensor variation and lower variation between tests on a specific taxel. The force response on a taxel is calculated by multiplying the taxel slope value with the taxel voltage output. 
ROBOT SKIN TESTING

Soft Skin Material Testing
If social robots are to be covered in soft skin, understanding the behavior of the material used for skin is important. Many different materials can be used for the soft tissue on robot skin. For this paper we looked at two types of material: Frubber® and silicone rubber.
Both silicone rubber and Frubber® experience hysteresis and drift. Hysteresis is a non-linear phenomenon where the relationship between a system's input and output differ between loading and unloading 22 . Drift occurs when a material relaxes after a constant strain input and the stress decreases with time. Figure 4 and figure 5 show the hysteresis present in a 5mm thick silicone rubber sample and a 6mm thick Frubber® sample, respectively. The silicone rubber had a maximum difference between loading and unloading of approximately 15%; for Frubber® the maximum difference was approximately 55%. The force response of silicone rubber skin to strain is approximately linear while the Frubber® response is highly nonlinear. The rate dependence of the force response in silicone rubber was tested and is small but measureable. Drift response of both samples is shown in figure 6 . The Frubber® sample experiences higher stress relaxation compared to the silicone rubber. The initial force response immediately after the step input for each case was: 7.45N for silicone test 1; 13.1N for silicone test 2; 3.74N for Frubber® test 1; 11.66N for Frubber® test 2. After ten seconds the silicone force response had decreased by an average of 11.3% compared to an average of 38.7% for Frubber®. 
Taxel Placement Testing
Robot sensing taxels can be placed above, below or inside soft skin. We performed two different tests to study the effect of this design change to the skin response: in one test we placed a taxel underneath a 4mm silicone skin sample; in the second test we placed the taxel on the surface of the same skin sample. The load applicator was centered directly above the taxel. The same motion profile for the load applicator was used for each case: the load applicator repeatedly depressed 1mm into the skin sample. The results for taxel placement on top and on bottom of the skin are seen in figure  7 . Both the applied and sensed force were higher with the taxel on top of the skin sample. The max applied load was 34N with the taxel on top and 15N with the taxel on the bottom. The max sensed load was 18.5N with the taxel on top and 8N with the taxel on bottom.
Reduced-Order Model for Robot Skin
A primary goal of the testbed was to relate the input force on a skin sample to the force sensed by a taxel embedded underneath the skin using a reduced-order model. For silicone rubber skin with an embedded taxel we use a linear least squares algorithm for this task. This is possible because of the nearly linear relationship between applied force by the load applicator and skin deformation. For the highly nonlinear material Frubber® we revert to another method using transfer function modeling techniques with MATLAB's System Identification Toolbox. Figure 8 shows the response of the load cell and taxel to a sinusoidal input on silicone rubber. A cross section view of sensorized robot skin is shown in figure 9 . The soft skin reduces the load transmitted to the taxel directly below the point of application and distributes the applied force to adjacent taxels; both can be modeled in SkinSim. A reduced-order "dispersion" model was developed to relate the force applied to robot skin to the sensed force by a taxel underneath the skin 4 ( figure 10 ). The model consists of one mass element connected to a tactile sensor by two springs and two dashpots. Only the spring and dashpot represented by k 1 and b 1 contribute to the taxel sensed force. The spring and dashpot element k 2 and b 2 represent the force dispersed to adjacent areas of the taxel. F LC is the applied load while F FF is the sensed load. Figure 10 . Reduced-order model relating applied force to sensed force in robot skin
The two forces are related through the following equations:
To identify the unknown parameters for silicone rubber we utilized a linear least squares algorithm. First we performed experiments on three different thicknesses of silicone skin and identified the parameters k 1 , b 1 , k 2 and b 2 for each. The mass m was calculated based upon the density of the silicone skin and the thickness; masses used for increasing thickness were 0.216g, 0.432g and 0.648g. The load applicator was depressed into the skin with a sinusoidal motion represented by:
x(t) = Asin(Bt) + C
Three samples for each thickness of silicone skin (2mm, 4mm and 6mm) were fabricated and tested. The values of A, B and C were different for each thickness of skin but the same for each sample of the same thickness.
Given the prescribed motion input, the force equations become:
A linear least squares algorithm was used to calculate the unknown parameters. The measurements for the experiment and states to be identified were represented as follows: Three tests were performed on each silicone skin sample for a total of nine tests per thickness of skin. Table 2 shows the average parameter values identified for each thickness of skin. The silicone skin samples exhibit variation between samples of the same thickness. Some of this is attributed to the difference in composition of each skin sample as they were fabricated at different times and with different batches of silicone mixture. There is a linear trend between each parameter and skin thickness which allows for interpolation of the parameters with different thicknesses of skin.
To test the effectiveness of the reduced-order model with the identified parameters a pseudo-random deformation input was applied on two silicone skin samples. The measured sensed force from the taxel was compared to the calculated sensed force using the reduced-order model ( figure 11 & figure 12 ). The mean squared error (MSE) and relative MSE with the 4mm and 5mm samples was 0.204N and 0.0713N and 6.28% and 1.73%, respectively. The linear least squares algorithm method to identify parameters for the "dispersion" model is not effective for highly nonlinear material, such as Frubber®; instead, we used a transfer function estimator in MATLAB's System Identification Toolbox to identify parameters. Through Laplace transformation of the equation for F LC we establish a relationship between force applied and force sensed with a transfer function in the following form:
For this method the input is the force applied while the output is the force sensed. We identified the parameters using the above method from three experiments conducted on a 4mm Frubber® sample applying a sinusoidal input. The identified parameters are shown in Table 3 . Experiment 1 varies considerably from experiments 2 and 3. This is because experiment 1 was performed at a slower deformation speed (0.25 mm/sec) compared to experiment 2 and 3 (1 mm/sec). This highlights the rate-dependent behavior of Frubber®. As with the silicone skin samples we verified this method of modeling and identification with a pseudo-random deformation input to the 4mm Frubber® skin. The parameters we used were the averages of experiment 2 and 3 because of our chosen velocity of 1 mm/sec. Figure 12 shows the results of the verification test. The MSE for the validation was 0.520 N with a relative MSE of 15.5%. 
CONCLUSION
An experimental testbed was designed and built to conduct various tests on soft robot skin with and without embedded tactile sensors. The experimental testbed can gather synchronous real-time measurements from multiple force sensors and an encoder to determine the position of a load applicator.
Testing on elastomer skin was conducted to showcase the nonlinear behavior (hysteresis and drift) of soft skin materials used in robot skin. Measurements from these tests will be used in the future to model nonlinear effects of input strain to output pressure in viscoelastic elastomer layers such as Frubber®. The apparatus gathered measurements at 100Hz which was adequate for our model identification and verification techniques.
The effect of taxel placement in robot skin was studied. The magnitude of the sensed force increases when a taxel is placed on the surface of soft skin compared to the taxel placed underneath the skin. There was a strong nonlinear input displacement to output force relationship, however, there was also a nearly linear relationship between applied force and sensed force.
A linear reduced-order model was proposed to relate the applied force to the top of robot skin to the sensed force of an embedded taxel. Multiple skin samples of various thickness were tested and the parameters of the reduced-order model were identified. The reduced-order model accounts for pressure redistribution in the elastomer robot skin layer so they can be used to model sparsely distributed sensor elements. The model was validated experimentally using two test cases with a 4mm and 5mm thickness silicone skin. Since the model is linear, it can be used effectively in the future to carry out robot skin resolution, scaling, placement and control studies in the SkinSim environment.
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